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Abstract: We review the elements which enter the calcu­
lation of baryon asymmetry at the electroweak scale. We 
assume the bubble wall created during the phase transition 
to be sufficiently thin and show that like the (heavy) t quark, 
the (light) b quark can also produce the observed baryon 
asymmetry, provided the CP violation within the wall is 
about two orders of magnitude larger for b quark compared 
to that for the t quark.
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1 Introduction
It pleases me very much to give this talk in this Meeting honouring 
Professor Haridas Banerjee. For, although he never worked on this topic, 
he encouraged me much to work on problems of the early universe. May 
J also take this opportunity to recall that I owe him a great deal not only 
in Physics but also in personal life.
The subject of electroweak baryogenesis goes back to 1976 when 
t’Hooft [1] showed that the standard electroweak theory violates baryon 
(lepton) number conservation due to transitions between sectors built on
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gauge invariant vacuua, labelled by a topological index. Being a tunneling 
process mediated by the instanton, such transition rates are exceedingly 
small, however. But in 1985 Kuzmin, Rubakov and Shaposhnikov [2] ar­
gued that such transitions could be unsuppressed in the early universe, 
when thermal transitions could take place over the barrier between these 
sectors.
Furthermore, if the electroweak phase transition is of first order, the 
motion of the wall of the bubbles nucleated in the unbroken medium 
would produce departure from thermal equilibrium. C and CP violation 
is also present in the electroweak theory, originating from the interaction 
of quarks with the Higgs field. So all the Shakharov conditions [3] for 
production of baryon asymmetry could be met in the electroweak era. 
'l'lius the stage was set for model building to reproduce the observed 
baryon asymmetry of the universe.
The initial estimate of Shoposhinikov [4] of too low a baryon asym­
metry in the standard model led Nelson et. al [5] to consider nonminimal 
extensions of the standard model, .where a much bigger source of CP viola­
tion is generally available than that provided by the CKM matrix. In their 
model a CP-odd charge is separated through reflection and transmission 
of fermions by the bubble wall. It is then converted into an asymmetry 
in the baryon number by the sphaleron process outside the bubble.
Meanwhile Shaposhnikov himself [6] found that quark mixing effects at 
high temperature could avoid his earlier discouraging estimate for baryon 
asymmetry in the minimal standard model. The temperature dependent 
large effective mass was taken into account. Further he considered a direct 
separation of baryon number by the bubble wall rather than of some other 
OP-odd charge. The details were worked out by Farrar and Shaposhnikov
[7], reproducing the observed magnitude of baryon asymmetry to within 
theoretical uncertainties related to quark propagation in the electroweak 
plasma.
Unfortunately, when a further effect of finite temperature , namely, 
the damping in quark propagation, was incorporated by Gavela et al [8] 
in the original calculation of Ref. [7], the baryon asymmetry again turned 
out to be too small in the minimal model. One is thus led to consider its 
nonminimal extensions.
In the nonminimal models, the propagation of the heavy t quark is 
usually supposed to yield the largest contribution to the baryon assym-
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metry. Its mass being large compared to the temperature (~  100 GeV), it 
does not undergo any significant finite temperature modification, at least 
in the broken phase. On the other hand, if we consider a lighter quark 
like the b quark, its dispersion relation is strongly modified by such tem­
perature effect, as it acquires a large chirally invariant effective mass and 
a decay rate. The resulting formula for the baryon asymmetry generated 
by the b quark-is quite different in structure from that by the t quark. As 
a result, one finds that provided the CP violation within the wall is large 
enough ( but within the allowed limit), the observed baryon asymmetry 
can be reproduced by the b quark alone.
In Sec 2 we present a simplified version of the baryon asymmetry 
calculation by Nelson et al [5], who considered the propagation of t quark 
because of its large mass. In Sec 3 we then sketch an analogous calculation 
for the lighter b quark, taking finite temperature effects into account. Sec 
4 contains our comments regarding the magnitudes of CP violation by 
the t quark and by the b quark within the wall needed to reproduce the 
observed baryon asymmetry. A criticism raised against the present way 
of incorporating the decay rate in the problem is also mentioned.
2 . H e a v y  q u a r k  p r o p a g a tio n
Consider the propagation of the (heavy) t quark in the electroweak 
plasma. Its propagation will not be significantly modified by the plafcma. 
In particular, the damping effect may be neglected. The appropriate 
Lagrangian is then
C =  i t f ( d 0 +  (t. V ) R  +  i L \ d  -  a .V )L  +  m (x ) L ] R + m \ x ) R ) L ,  (1)
where R  and L are the right and the left handed components of the Dirac 
wave function in Weyl basis,
The first two terms in (1) are just the decomposition of the Dirac Lag­
rangian in Weyl basis, to which are added the last two terms representing 
the complex, space-dependent Higgs mass.
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Consider the one dimensional problem of propagation along the z-axis, 
normal to the bubble wall. Then the equation of motion derived from the 
Lagrangian (1) split into two independent sets. Define
and consider solution of positive energy E. Then the equations of motion 
reduce to
(2)
where
O M - . - i ) ’" - * ) -  (3)
and a similar one for with m replaced by m *. The current along the 
z-axis carried by the components V’i and t/>3 of $  is
jx =  $ ^ 3$ , (4)
or3 being the third Pauli matrix.
The planar bubble wall has a finite thickness, extending from 2 =  0 
to 2 =  z0 , separating the broken phase (z >  zq) from the unbroken 
phase (z < 0). The real part of the Higgs induced mass m (z)  rises from 
zero in the unbroken phase through the bubble wall to the (almost) zero 
temperature mass m0 in the broken phase. The imaginary part is non­
zero only within the bubble wall. Their actual shapes will be conveniently 
chosen later.
In the unbroken phase (m =  0), the components V’i and V>3 (also ij)% and 
ij>4) decouple, ipi and t/>3 belonging to chirality +1 and —1 describe plane 
wave propagation to the right and to the left along the z-axis respectively. 
For 2 and ^4 the direction of motion is reversed.
In the broken phase (m ( z ) =  mo), the wave function of the quark 
moving along the positive z-direction is
( - > ”  ( 5 )
where
E + p E + p
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Within the wall, we solve (2) perturbatively. Put 
$(z) =  e'Ez<r3*(z), 0 < z < z o,
'P(z) will then satisfy
T z =
R(z)  has only off-diagonal elements,
' 0 M - ( z Y
R(" > -  - M ( z )  0
where M ( z ) =  m ( z ) e 2,Ez. We now convert it into an integral equation,
tf(z) =  $ (0) +  i f Z R l z ' ^ i z ' j d z ' .
Jo
It has an iterative solution, ^(z) = £(z')$(0), where
E (z) = 1 +  * f  dz'R{z')  -  [ Z dz' f  dz"R{z')R{z")  +  • • •
Jo Jo Jo
We shall actually need the solution for $ (z )  at z = Zo,
$ (z 0) =  e*'Ej:o<73E(zo)^(0) =  fi(zo)$ (0 ). (6)
Writing
we get
n ( z 0) = 0
a*
a  =  F{ 1 +  r  dz ' f  dz"M m{z')M(z")  +  ■ • •) (7)
Jo Jo
(3 =  i F { £  d z 'M * ( z )  +  • • •) (8)
with F  — elEz°. The matrix Q(z)  being traceless, fl(zo) is unimodular: 
a a *  -  /?/?* =  1.
As already mentioned, simple extensions of the Higgs sector of the 
standard model can provide an additional source of large "CP violation 
for baryogenesis. In the standard model with a single Higgs doublet,
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the expectation value of the Higgs field is real everywhere during the 
phase transition. But in multi-Higgs models, some of the components 
acquire complex space dependent values within the bubble wall, leading, 
in turn, to complex space dependent mass functions for the quarks having 
Yukawa couplings to those multiplets. These functions can, in principle, 
be calculated from the model considered but will depend on the many 
unknown Higgs self-couplings. Here we avoid this problem by assuming 
a -simple but anticipated form for the mass function for the quark,
m (z)  =  — z + i^xz(z0 -  2), (9)
Zo 4
within the bubble wall. The parameter S relates to the CP violation in the 
model. Then a  and f) are obtained in terms of the dimensionless variables 
moz0, 8zq and E zq. In the following we assume that the wall thickness z0 
to be small enough such that they are less than unity. Then to first order 
in these variables we have,
i 1
a  =  1 + iE z0, fi -  -m.Qz0 + -S zq ( 1 0 )
l  0
It is now easy to calculate the reflection and transmission coefficients 
for particles incident on the wall. Consider a right-handed fermionic 
quasiparticle incident on the bubble wall from the unbroken phase. Noting 
the reversal of chirality after reflection at the wall, the incident wave (of 
unit current at z =  0) and the reflected wave of amplitude r, say, is given
by
= (0) + (!) e'ib> ^0 (")
On the right (broken phase), we have only the transmitted wave of amp­
litude t, say. From (5) we get
$ ( 2) = e'p(*~9° \  z > 20. (12)
To find the unknown amplitudes we insert (11) and (12) in the matching 
condition (6) to get,
a
9
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giving
sa  +  c(3* 1
ca* ' ca* + s/3 ’ |r |2 +  |f|2 =  1
For the antiparticles the amplitudes, denoted by f  and i, are obtained by 
changing the sign of 8.
We can now calculate the net baryonic current due to reflection from 
and transmission through the barrier. The reflected current due to incid­
ence from the unbroken phase is
/ | y w ( H 2 - i r i 2),
where nu is the fermionic number density in the unbroken phase. One can 
similarly calculate the transmitted current in the unbroken phase due to 
incidence from the right ,
nh being the fermion number density in the broken phase. Adding the 
above two currents, we finally get the baryonic current in the unbroken 
phase as
/
dh
- ( n b( - p )  -  n“(fc))(|<|2 -  |f|2). (13)
We now evaluate J. Using (10) we get to leading order
l‘ l2 - l f l2 =  - 5 mo^ ( ^ W  (H )
To evaluate the density difference, we start from the invariant form of the 
density function
1
”  ”  e 0P-v +  j
Here /? is the inverse temperature of the medium in the frame where it is 
at rest. and we the energy-momentum 4-vector of the particle and 
the 4-velocity of the medium. We work in the wall rest frame in which 
uM =  -y.(l, u), 7  =  In the following we assume small wall velocity
and retain only terms linear in v.
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In the unbroken phase pM =  =  (|A:|,fc), when
nv(k)
1
e0k( 1-tT) _|_ 1
In the broken phase pM =  (£?,p) with E 2 =  k2 =  p2 +  m j. T he density function becomes
n  (  P )  ~  e0(k+pv) iThen we get n 6( - p )  -  nv(k) =  -A (3 v (k  +  p)where
P 0k
A  =  (e** + 1)1
0.1
It is now easy to m ake an order o f m agnitude estim ate of. the currents. Form ally the k  -integral in (13) extends from  0 and oo. B u t the integrands are highly dam ped at higher values o f k, not ju st because o f the presence o f the density functions; the transm ission coefficients for a realistic (i.e. sm ooth and finite width) bubble wall would have fallen exponentially for even lower k values. W e set Eo  as a  reasonable upper lim it for the integral. T h e low m om entum  approxim ation on which the effective Lagrangian (1 ) is based, should adm it this upper lim it. Then collecting results, we get
J  = rzpvmoSzo [  
lO Jn
3 n»o/2 d ie  pmo 2 tt p +  k
F in ally  the baryonic density n# in the broken phase is obtained from the steady state solution to the rate equations in the two phases [7]. For sm all bubble wall velocity the result is
nB =  J f  (15)where /  is a  given function o f the diffusion coefficients for quarks and leptons, the w all velocity and the sphaleron induced baryon number vi­olation rate. T h e estim ate for /  is 10“ 3 <  /  <  1 [7]. N oting the one
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(*W *)< =  2 m ^ ^ m° ^ vSzo -  U  x  10_ 5( / M <  (16)where we have assumed m0 = 170GeV,/3 — 10~2G e V ~ l and v = 0.1. Here we have isolated the model dependent parameters namely / , 5 and 
zq. The parameter 5 should satisfy 5 <  170G e V .  Although z0 can be as large as 10f T G e V ~ l [9], the validity o f our treatment requires that z0 be small enough such that 6 jz 0 <  1. Otherwise the calculation will violate unitarity. Cleanly there is wide room for reproducing the observed value of u b /s  ~ 10-10.
3 L ig h t  q u a r k  p ro p a g a tio n
The propagation properties o f a light'quark of mass m  at temperature 
T  (m < T )  will be greatly modified due to its interaction with the plasma. It will acquire a large chirally invariant self energy, the real part of which is the effective mass E q and the imaginary part is the decay rate 7 . Con­sidering only strong interaction, the leading contribution to E q and 7  are the same for both the right (R)- and the left (L)- handed particles,
E 0 =  (27ra4/3)1/2T  ~ .5T
and
7  =  AbcttT -  .2Twith a ,  — 0.12 at the Z boson mass. For excitations close to £ 0 , the effective Lagrangian incorporating the altered dispersion relation is now 17,8]
C  =  2 t\R^($o+—
u o
(!7)The one dimensional motiou of these quasiparticles can then be studied in the same way as in the previous section, with the replacement of Q  in eqn(2 ) by
m *(z)l 2 \“ (jE? -  E 0 +  *7 )/ (18)
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T h e dispersion relations satisfied by these quasiparticles are very dif­ferent from  the zero tem perature dispersion relation considered earlier. In the unbroken phase (m =  0), the components 0 i and 03 (also 0 2 and 04) decouple. Consider (dam ped) plane wave along z direction, 
0 i ,3 ~  ethz, K  =  k +  iT u, k >  0. They satisfy the the two-branch (± )  dispersion re la tio n s ,
E i =  E, ± r„ =  ±37, (19)
In the broken phase, again considering dam ped plane wave along z- direction, $  ~  X e'Pzi P  =  p +  * T j,p  >  0. one gets the dispersion relation,
E ±  =  Eo ±  Jff(p ) , r 6 =  ± 7 g(p), (2 0 )
where g(p) =  y  1 +  Note that the presence o f dam ping (7  /  0)removes any gap between the normal and the abnorm al branches, which exists for 7  =  0 . The spinor \  is obtained as ,
coshO.e'* —sinhd.e (21)
with coshd =  [(E  -  Eo -J- p/3)/(2p/3)]1/f2 and 4i<f> *= /n[(p/3 +  *7 )/(p/ 3  -  *7 )]. T h e  presence of non-zero dam ping brings in also the phase 0 .T h e previous calculational procedure m ay now be generalised incor­porating the dam ping rate and the propagation o f the quark through both the brances o f the dispersion relation. T his calculation is described in Ref.[10]. W e find that the baryon to entropy ratio is,
(na/s)fc =  ^ ^ 2(32E 0mov5z0 ~  4 x  10"8 (/<fzo)6, (22)
with mo =  bGeV,(3 — 102G e V ~ 1andv =  0 . 1 . Thus if  (<J)jis about two orders o f m agnitude higher than (<$)t, the baryon asym m etry created by the b quark and by the t quark are com parable.
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4 Conclusion
Here we have m ade a com parative study o f the propagation o f the heavy t quark and o f the light b quark across the bubble wall during the electroweak phase transition. Although the general procedure is the same for both the quarks, they differ with respect to finite tem perature corrections. For the t quark these corrections are not large and so m ay be ignored. B u t for the b quark, the finite tem perature correction over­whelms the zero tem perature dispersion relation and must be taken into account. Com p aring the expressions for the baryon asym m etry gener­ated by the t quark and by the b quark, one sees that the incorporation of the effective mass com pensates for the smallness o f the b quark mass to some exten t. A lso the dam ping does not significantly affect the final expression for the baryon asym m etry due to the b quark [11]. In the ab­sence o f a  better knowledge o f C P  violation by the quarks (as measured by its im aginary part within the wall relative to the physical m ass), we conclude th at, while both the quarks can reproduce the observed asym ­m etry, the t quark requires smaller C P  violation than is needed by the b quark. Pushing to the lim it, we m ay say that even if  the C P  violation for the t quark turns out to be zero, the b quark alone could reproduce the observed baryon asym m etry.F in a lly  we remark that this way of incorporating the decay rate in this form alism  m ay not be a physically correct procedure. W hile G avela  et al [8 ] take the effective mass and the decay rate on the same footing (as we do here), Shaposhnikov [12] thinks that while the effective mass alters the dispersion relation, the decay rate serves the same purpose as that o f the collision integral in the Boltzm ann equation. In this work we show that although the baryon asym m etry turns out to be too sm all in the m inim al standard model when the two quantities are treated on the same footing, the same m echanism  can give rise to the observed asym etry in the nonm inim al models.
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